Introduction
============

The primary function of the esophagus is the effective transport of a bolus from the oral cavity into the stomach, requiring the timed coordination of circular and longitudinal muscle contractions. Transport is successful when minimal bolus material is retained within the esophageal body. Traditionally, videofluoroscopy has been the gold standard for examining esophageal bolus transit,[@b1-jnm-20-491],[@b2-jnm-20-491] while more recently multichannel impedance monitoring, combined with manometry, has been introduced to measure bolus transit by detecting changes in resistance to current flow when a bolus traverses an electrode pair.[@b3-jnm-20-491],[@b4-jnm-20-491] Several investigators have studied the predictive value of combined impedance and manometry for bolus transit. Tutuian and Castell[@b5-jnm-20-491] demonstrated that a peristaltic amplitude of ≥ 30 mmHg predicted complete bolus transit in 95% of cases. However, a peristaltic amplitude of \< 30 mmHg was less predictive (52%) and was not able to reliably detect incomplete bolus transit.

With the introduction of high-resolution manometry (HRM), spatial visualization of esophageal contractility by isocoloric regions on pressure topography plots has allowed more accurate prediction of bolus transit versus conventional manometry. Recently, Bulsiewicz et al[@b6-jnm-20-491] used HRM to determine pressure topography thresholds of peristaltic integrity predictive of incomplete esophageal bolus clearance. They showed that in patients with normal esophagogastric junction (EGJ) relaxation and morphology, peristaltic contractions with breaks of \< 2 cm in the 20-mmHg isobaric contour or \< 3 cm in the 30-mmHg isobaric contour were associated with complete bolus clearance and longer breaks predicted incomplete bolus clearance. However, the studies using HRM were performed in the supine position, in contrast to normal behavior. Previous reports have shown that body position has significant effects on HRM results.[@b7-jnm-20-491]--[@b10-jnm-20-491] Specifically, wave amplitude, duration and distal contractile integral have been reported to decrease in the sitting position compared with the supine position.[@b9-jnm-20-491] A peristalsis and hypoperistalsis were also observed more frequently in the sitting position ([Fig. 1](#f1-jnm-20-491){ref-type="fig"}). The aim of this study was to determine the length of breaks on the isobaric contour which would predict incomplete bolus clearance in patients in the sitting position using high-resolution impedance manometry (HRIM).

Materials and Methods
=====================

Patients
--------

HRIM studies were performed on consecutive patients with at least one of the following symptoms: dysphagia, heartburn, regurgitation, non-cardiac chest pain, globus and odynophagia. For each symptom, the patients were asked to rate the frequency and severity on a 5-point Likert scale (frequency: 0 = never, 1= less than once/month, 2 = 1--4 times/month, 3 = once and more/week and 4 = daily; and severity: 0 = none, 1 = mild, 2 = moderate, 3 = severe and 4 = very severe). Patients were excluded if they had an abnormal esophageal anatomy, impaired EGJ relaxation or a hiatal hernia by HRIM criteria. The study was approved by Soonchunhyang University Hospital Institutional Review Board.

High-resolution Impedance Manometry Protocol
--------------------------------------------

Manometric and impedance data were obtained using a combined solid-state manometry and impedance assembly with 36 circumferential sensors spaced at 1 cm intervals (Sierra Scientific Instruments Inc., Los Angeles, CA, USA) and 8 impedance sensors spaced at 5 cm intervals. After fasting for a minimum of 6 hours, patients underwent a short interview and completed symptom-related questionnaires. All medications that might affect gastrointestinal motility were discontinued for at least 72 hours. The HRIM assembly probe was inserted trans-nasally with the patient in a sitting position. The assembly was placed to record mano-metric data from the hypopharynx to the stomach, using at least 3 intragastric sensors. The impedance sensors were positioned to record from the beginning of the proximal esophageal segment through the distal esophagus and into the proximal stomach with at least 1 intragastric impedance measurement. The assembly was fixed in place by taping it to the nose. The manometric protocol included 30 seconds without swallows to assess basal EGJ pressure and morphology followed by 10--15 swallows of 5 mL, 0.3% saline solution in the patient in the sitting position.[@b6-jnm-20-491]

Data Analysis
-------------

HRIM data were analyzed using the ManoView software (ver. 2.0; Sierra Scientific Instruments Inc.) by one investigator who was blinded to the diagnosis and symptoms. Only swallows spaced at ≥ 20 seconds were included, and double swallows or swallows including cough-induced pressure artifacts were excluded from the analysis. Isobaric contour plots were overlaid with impedance line tracings, providing concurrent visualization of pressure and impedance data. Lower esophageal sphincter (LES) residual pressure in the sitting position was assessed using the 3-second nadir and a resting pressure greater than 11 mmHg was considered abnormal.[@b11-jnm-20-491] If the mean deglutitive LES relaxation pressure was \> 11 mmHg, then the patient was considered to have impaired EGJ relaxation and was excluded from the study. The integrity of esophageal peristalsis was assessed using the isobaric contour tool. Any disruption in the peristaltic wave, including the proximal, transitional and distal contractile segments, was considered a break. The vertical length of each break in the isobaric contour was measured using the smart mouse function ([Fig. 2](#f2-jnm-20-491){ref-type="fig"}). Swallows were then stratified according to the length of longest break in 1cm increments: (1) no break, (2) ≤ 1 cm, (3) 1 \< and ≤ 2 cm (4) 2 \< and ≤ 3 cm, and so on. Each swallow was assessed twice, for the 20- and 30-mmHg isobaric contours.

Bolus transit was assessed for each swallow using the impedance line tracings. Bolus entry was defined as ≥ 50% decrease in impedance with respect to baseline.[@b12-jnm-20-491]--[@b14-jnm-20-491] Bolus clearance was defined as sustained (\> 5 seconds) ≥ 50% increase in impedance from the original baseline impedance.[@b15-jnm-20-491] Complete bolus clearance was defined as bolus entry followed by bolus clearance at all impedance recording sites, and incomplete bolus clearance was defined as bolus entry followed by failure of bolus clearance at any of the impedance recording sites. According to these definitions, each swallow was classified as having complete or incomplete bolus clearance. Patients were defined as having abnormal bolus transit when ≥ 30% of swallows had incomplete bolus clearance.[@b16-jnm-20-491]

Statistical Methods
-------------------

Statistical analyses were performed using the SPSS software (version 18.0; SPSS, Chicago, IL, USA). Linear-by-linear association was used to identify correlations between bolus clearance and the length of breaks for the 20- and 30-mmHg isobaric contours. A difference was considered statistically significant when the *P*-value was \< 0.05. A receiver operating characteristic (ROC) curve was constructed by plotting sensitivity versus 100-specificity to evaluate the length of breaks needed to accurately predict bolus clearance. The reporting of this study was conducted in accordance with the Standards for Reporting of Diagnostic Accuracy guidelines.

Results
=======

Baseline Characteristics of Patients
------------------------------------

In total, 97 consecutive patients were studied. Of them, 26 were excluded: 17 with achalasia, 5 with mean deglutitive LES relaxation pressures \> 11 mmHg, 1 with a history of an Ivor-Lewis operation for esophageal cancer and 1 patient with scleroderma. In total, 652 swallows from 71 patients were included in the final data analysis. [Table](#t1-jnm-20-491){ref-type="table"} illustrates the general and clinical characteristics of the patients. There were 31 males (43.7%) and the mean age of the patients was 53 (range, 18--85) years. Major symptoms were dysphagia (19.7%), heartburn (12.7%), regurgitation (18.3%), non-cardiac chest pain (19.7%), globus (28.2%) and odynophagia (1.4%). Symptom scores of the patients (Likert scale) were estimated according to frequency and severity. Globus was the most common presenting symptom (50.7%) with a high frequency and severity score.

Correlation Between Length of Breaks in Isobaric Contour and Bolus Transit
--------------------------------------------------------------------------

In total, 651 individual swallows were analyzed. Complete bolus clearance was observed in 542 (83.3%) swallows. On 20-mmHg isobaric contours, only 6 of 285 (2.1%) swallows with breaks of 1 cm or less and 13 of 401 (3.2%) swallows with breaks of 3 cm or less showed incomplete bolus clearance. However, as the length of the breaks increased, the rate of incomplete bolus clearance increased significantly (*P* \< 0.001). Despite this, even significant breaks, over 8 cm, showed complete bolus clearance in 20 of 92 (21.7%) swallows. Complete bolus clearance was observed in 5 out of 53 swallows devoid of a distal contractile segment. On the 30-mmHg isobaric contour, only 6 of 309 (1.9%) swallows with breaks of 3 cm or less, and 26 of 491 (5.3%) swallows with breaks of 7 cm or less showed incomplete bolus clearance. On the 20-mmHg isobaric contour, the rate of incomplete bolus clearance increased with the length of the break (*P* \< 0.001). Short breaks in the isobaric contour of 3 and 7 cm or less were associated with bolus clearance of 96.8% on the 20-mmHg and 94.7% on the 30-mmHg isobaric contour, respectively (*P* \< 0.001).

Isobaric Contour and Breaks Associated With Incomplete and Complete Bolus Clearance
-----------------------------------------------------------------------------------

In the isobaric 20-mmHg contour, the median (interquartile range) length of the break of incomplete bolus clearance was 10 (5--17) cm and that of complete clearance was 1 (0--3) cm (*P* \< 0.001). In the isobaric 30-mmHg contour, the median (inter-quartile range) length of the break of incomplete bolus clearance was 13.5 (8--19) cm and that of complete clearance was 3 (1--6) cm (*P* \< 0.001).

Isobaric Contour Breaks Predictive of Bolus Clearance in Individual Swallows
----------------------------------------------------------------------------

ROC curves were constructed for both the 20- and 30-mmHg isobaric contours. On the 20-mmHg isobaric contour, breaks of 3 cm or less had a sensitivity and specificity of 75.6% and 89.3%, respectively, for predicting complete bolus clearance (95% CI, 71.7--79.2). The area under the curve (AUC) was 0.900 (95% CI, 0.87--0.92; [Fig. 3A](#f3-jnm-20-491){ref-type="fig"}). On the 30--mmHg isobaric contour, breaks of 7 cm or less had a sensitivity and specificity of 87.9% and 78.7%, respectively, for predicting complete bolus clearance (95% CI, 84.8--90.6). The AUC on the 30-mmHg isobaric contour was 0.905 (95% CI, 88.0--92.7; [Fig. 3B](#f3-jnm-20-491){ref-type="fig"}). There was no significant difference between the ROC curves for the 20- and 30-mmHg isobaric contours ([Fig. 3C](#f3-jnm-20-491){ref-type="fig"}).

Discussion
==========

In this study, we used a solid-state HRIM system to investigate the characteristics of defects in the peristaltic wave of individual swallows that are predictive of bolus clearance in patients in the sitting position. Previous studies performed in the supine position showed that greater defects were associated with increased incomplete bolus clearance.[@b6-jnm-20-491] In this study, we demonstrated that breaks of \< 3 cm in the 20-mmHg isobaric contour or \< 7 cm in the 30-mmHg isobaric contour could significantly predict complete bolus clearance with the patient in the sitting position. However, the threshold for breaks in the sitting position was greater than previous reports in the supine position and complete bolus clearance was observed frequently in patients who would have been classified as having hypotensive or absent peristalsis, according to the Chicago HRM criteria.

These results indicate that body position affects the results of HRM.[@b9-jnm-20-491] More specifically, the workload required for bolus transit is decreased in the sitting position, mainly because of gravity. Xiao et al[@b11-jnm-20-491] demonstrated that normative value of integrated relaxation pressure decreased significantly in the sitting position compared to supine position because of the assistance of gravity and recommended a cutoff value of 11 mmHg in the sitting position. Therefore we also applied cutoff value (\>11 mmHg) for the impaired EGJ relaxation in our data analysis. Several investigators have recognized the effects of body position on HRM results and have recommended performing studies in the physiological upright position and including solid swallows to increase sensitivity to symptomatic dysmotility and dysfunction.[@b7-jnm-20-491],[@b17-jnm-20-491],[@b18-jnm-20-491] Because supine "normal" values cannot be applied to an upright or sitting position, normal values in the sitting position should be determined. However, there are few data regarding reference values for HRM in the sitting or upright position.

In the 20- and 30-mmHg isobaric contours, the mean length of the break for an incomplete bolus was higher than that for a complete one. Similar to another study,[@b6-jnm-20-491] our data showed that longer breaks predicted incomplete bolus clearance.

In our study, there was no difference in the symptoms between complete and incomplete bolus transit. Also, symptoms and bolus transit were not associated with breaks of 3 cm in the 20-mmHg isobaric contour or 7 cm in the 30-mmHg isobaric contours. This suggests that symptoms may be caused by various other factors, such as the amount of esophageal wall distension and the sensitivity of the esophageal wall.[@b19-jnm-20-491] The amount of esophageal wall distension will be affected by bolus transit, break, LES relaxation and regurgitation. These findings are similar to a previous study, where there was a poor correlation between dysphagia symptoms and esophageal dysmotility in terms of contractility and impaired bolus transport.[@b20-jnm-20-491]

Our study has several limitations. The major one is the retrospective study design. Symptoms were assessed by self-reported questionnaires; we did not evaluate symptoms according to individual swallowing. Our study did not include healthy adults but only the symptomatic patients. Several studies showed strong correlation between impedance measurements and videofluoroscopy in assessing bolus transit in healthy adults.[@b14-jnm-20-491],[@b21-jnm-20-491] Only one small study validated esophageal impedance method for bolus transit patterns in comparison with barium videoesophagram in 16 dysphagia patients, and still showed impedance monitoring as a valid transit test in dyspeptic patients with severe barium stasis.[@b22-jnm-20-491] However, studies using concurrent manometric and videofluoroscopic recording in symptomatic patients showed an excellent correlation between the findings from 2 tests.[@b23-jnm-20-491],[@b24-jnm-20-491] It is known that bolus transit is affected by impaired LES, peristalsis and gravity. Thus, our study was investigated in symptomatic patients without impaired EGJ relaxation to overcome the limitations. In this study, our impedance data were recorded bisectionally as complete and incomplete bolus clearance. Although incomplete bolus clearance does not necessarily equate to failed bolus transit, observations from fluoroscopy suggested that defects of that length resulted in most if not all of the swallowed bolus being retained in the esophagus.[@b6-jnm-20-491],[@b23-jnm-20-491] However, the strength of the study includes that the pressure topography criteria indicative of complete bolus clearance were determined in the physiological situation, the sitting position.

In conclusion, breaks of \< 3 cm in the 20-mmHg isobaric contour or \< 7 cm in the 30-mmHg isobaric contour by high-resolution esophageal manometry were associated with complete bolus clearance in the sitting position. The threshold for breaks in the sitting position was greater than in previous reports using the supine position and longer breaks predicted incomplete bolus clearance. Further studies and prospective approaches are needed to confirm these results.
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![High-resolution manometry (HRM) of subjects according to body position. This shows an example of how body position can affect HRM results in healthy adults. Peristaltic wave amplitude and distal contractile integral decreased significantly and more frequent weak and absent peristalsis were seen in the sitting position.](jnm-20-491f1){#f1-jnm-20-491}

![Analysis of peristaltic integrity in esophageal pressure topography. In this example, the isobaric contour of 20 mmHg was analyzed. The smart mouse function was used to measure the vertical length between the proximal and distal margins of each break in the isobaric contour.](jnm-20-491f2){#f2-jnm-20-491}

![Isobaric contour breaks which are predictive of bolus clearance in individual swallows. Receiver operating characteristic (ROC) curves were prepared for the 20-mmHg (A) and 30-mmHg (B) isobaric contours. On the 20- and 30-mmHg isobaric contours, breaks of 3 cm or less and 7 cm or less had sensitivity and specificity for predicting complete bolus clearance, respectively. The areas under the curves (AUCs) on the 20- and 30-mmHg isobaric contours were 0.900 and 0.905, respectively. In the ROC curves for the 20- and 30-mmHg isobaric contours (C), there was no difference between the ROC curves for the 20- and 30-mmHg isobaric contours (*P* = 0.440). The solid line indicates the ROC based on chance alone and has a c-statistic of 0.5.](jnm-20-491f3){#f3-jnm-20-491}

###### 

Baseline Patient Characteristics and Symptom Scores (Likert Scale)

  ---------------------------------- -------------------------- ------------------------------- -------------- ------
  Characteristics                                                                                              
  Patient (n)                        71                                                                        
    Male (n \[%\])                   31 (43.7)                                                                 
    Age (median age \[range\], yr)   53 (18--85)                                                               
  Symptoms                           Major symptoms (n \[%\])   Presenting symptoms (n \[%\])   Likert scale   
                                                                                                               
  Frequency                          Severity                                                                  
    Dysphagia                        14 (19.7)                  22 (31.0)                       1.03           0.82
    Heartburn                        9 (12.7)                   18 (25.3)                       0.77           0.66
    Regurgitation                    13 (18.3)                  35 (49.3)                       1.31           1.10
    Non-cardiac chest pain           14 (19.7)                  29 (40.8)                       1.18           1.31
    Globus                           20 (28.2)                  36 (50.7)                       1.69           1.39
    Odynophagia                      1 (1.4)                    2 (2.8)                         0.06           0.06
  ---------------------------------- -------------------------- ------------------------------- -------------- ------
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